We investigate the dependence of the extended X-ray emission from the halos of optically luminous early-type galaxies on the small-scale (the nearest neighbor distance) and large-scale (the average density inside the 20 nearest galaxies) environments. We cross-match the 3rd Data Release of the Second XMMNewton Serendipitous Source Catalog (2XMMi-DR3) to a volume-limited sample of the Sloan Digital Sky Survey (SDSS) Data Release 7 with M r < −19.5 and 0.020 < z < 0.085, and find 20 early-type galaxies that have extended X-ray detections. The X-ray luminosity of the galaxies is found to have a tighter correlation with the optical and near infrared luminosities when the galaxy is situated in the low large-scale density region than in the high large-scale density region. Furthermore, the X-ray to optical (r-band) luminosity ratio, L X /L r , shows a clear correlation with the distance to the nearest neighbor and with large-scale density environment only where the galaxies in pair interact hydrodynamically with seperations of r p < r vir . These findings indicate that the galaxies in the high local density region have other mechanisms that are responsible for their halo X-ray luminosities than the current presence of a close encounter, or alternatively, in the high local density region the cooling time of the heated gas halo is longer than the typical time between the subsequent encounters.
INTRODUCTION
Since the Einstein observatory discovered the existence of an extended hot gas halo in early-type galaxies (Forman et al. 1985; Trinchieri & Fabbiano 1985) , X-ray observations have made great progress in understanding the origin, evolution, and nature of hot gas in early-type galaxies. Previous studies have shown that the X-ray luminosity of early-type galaxies correlates with optical luminosity in a manner that exhibits a transition with varying optical luminosity and large scatters around the correlation (Canizares et al. 1987; Eskridge et al. 1995; Brown & Bregman 1998; O'Sullivan et al. 2001; Ellis & O'Sullivan 2006) . The correlation suggests that the hot halo gas may be related to gas ejected from evolving stars and planetary nebulae inside the early-type galaxy (Mathews 1990; Mathews & Brighenti 2003; Bregman & Parriott 2009) . The large scatter in the correlation especially found in more luminous early-type galaxies has been often explained in terms of externally driven processes (White & Sarazin 1991; Brown & Bregman 2000) . The relative importance of particular processes varies with environment where galaxies reside. The hot gas halo can be stripped when a galaxy enters a group or cluster (White & Frenk 1991) , and hot halo in galaxies embedded in intragroup medium can be even enhanced (Canizares et al. 1983 ). On the other hand, other researchers found no such correlation between the X-ray and optical/near-infrared (NIR) luminosities and environments Helsdon et al. 2001; Ellis & O'Sullivan 2006) .
Recently, the high spatial resolution of Chandra or XMM-Newton allows one to cleanly separate out the thermal emission in the hot halo gas from other contributions such as active galactic nuclei (AGNs) and X-ray binaries (Silverman et al. 2005; Kim & Fabbiano 2010) or the more extended intragroup or cluster medium. Detailed studies of the X-ray/optical relation in diverse environments has shown us that the environmental processes could be important in addition to internal processes (Memola et al. 2009; Mulchaey & Jeltema 2010; Sun et al. 2007; Jeltema et al. 2008; Rasmussen et al. 2012) .
It has been found that galaxy properties such as morphology, luminosity, star formation rate (SFR) and AGN activity strongly depend on the distance to the nearest neighbor galaxy, and this indicates that the hydrodynamical interactions between neighboring galaxies play an important role in determining galaxy properties (Park et al. 2008; Park & Choi 2009; Hwang & Park 2009 Hwang et al. , 2011 . Thus it is natural to infer that the neighbor galaxies play a role in the presence of a hot gas halo in early-type galaxies.
In this paper, by using a sample cross-matched be- Baldwin et al. (1981) ); s, w, and ww represent galaxies defined by the flux ratios with S/N ≥ 10, 3 ≤ S/N < 10, and S/N < 3, respectively. SFG stands for star-forming galaxy. Composite object is denoted by 'Comp' which contain AGNs as well as extended H II regions (Kauffmann et al. 2003) .
tween XMM-Newton and SDSS DR7 (York et al. 2000; Abazajian et al. 2009 ), we will perform a study on the dependence of X-ray luminosity from hot halo gas in optically bright early-type galaxies on the larger-scale background density and the local density from the nearest neighbor. Section 2 describes the sample used in this study and in Section 3, we present results of the environmental dependence of the X-ray luminosities. The implications of our results are summarized and discussed in Section 4. Throughout this paper, we adopt a flat ΛCDM cosmology with Ω Λ = 0.73 and Ω M = 0.27.
SAMPLE SELECTION AND DATA ANAL-YSIS

The Match between SDSS Optical and XMM-Newton X-Ray Surveys
The Second XMM-Newton Serendipitous Source Catalogue (version 2XMMi-DR3) contains pointed observation sources and serendipitous X-ray sources near the targets. The 2XMMi-DR3 contains 353,191 detections corresponding to 262,902 unique sources. Out of these X-ray sources, 30,470 extended sources were detected and then reduced to 16,605 sources after removing spurious sources (with index sum flag > 3).
A volume-limited sample of 125,524 galaxies with absolute r-band magnitude brighter than −19.5 and a redshift 0.02 < z < 0.0859 was generated from the KIAS value-added catalog (Choi et al. 2010) , which supplements the bright galaxies missing in the SDSS Main galaxy sample. For a target galaxy with absolute magnitude M r , the nearest neighbor galaxy is the one brighter than M r + 0.5 with the smallest projected separation across the line of sight from the target galaxy, and with a radial velocity difference less than 600 km s −1 for early-type target or 400 km s −1 for late-type target, respectively. For the completeness of the neighbors, we only study 73,440 target galaxies brighter than M r = −20.0. The rest-frame absolute magnitudes of individual galaxies were computed in fixed bandpasses, shifted to z = 0.1, using Galactic reddening correction (Schlegel et al. 1998 ) and K-corrections as described by Blanton et al. (2003) . The mean evolution correction given by Tegmark et al. (2004) , E(z) = 1.6(z − 0.1), was also applied.
We obtained 100 samples from the positional crossmatching between the X-ray sources and the SDSS target galaxies we selected. When more than one extended sources were cross-matched to an optical source, the source having the highest detection likelihood was chosen. Then we selected only early-type galaxies by visual inspection. There remained 48 unique X-ray sources that were matched to early-type galaxies. Out of these matches, only 20 extended sources satisfied the following three criteria (Watson et al. 2008 ) 1) the source should have ≥ 500 total-band EPIC counts, 2) the detector coverage of the source should be larger than 0.5 which is weighted by the point spread function for the pn and MOS cameras, 3) the total-band detection likelihood for each camera should be larger than 15. Due to the small size of the sample, interpretation of the relationships obtained from such samples would require careful analysis throughout this paper. Table 2 . Optical/NIR/X-ray luminosities of the sample 
Environmental Parameters
We use two environmental parameters. One is the mass density, ρ 20 , measured by using twenty nearest galaxies in the same volume-limited sample over a few Mpc scale, corresponding to large-scale environment. The other is the distance to the nearest neighbor galaxy normalized by the virial radius of the nearest neighbor, corresponding to small-scale environment.
The local density attributed to the nearest neighbor is estimated by
where r p is the projected separation of the nearest neighbor galaxy from the target galaxy,ρ is the mean mass density of the survey volume, γ n is the mass-tolight ratio of the neighbor galaxy, and L n is the r-band luminosity of the neighbor galaxy. The virial radius of a galaxy can be thus defined by the projected radius where the mean mass density, ρ n , within the sphere with radius of r p is 740 times the mean density, which is given by
According to this formula, the virial radius of galaxies with M r = −20.0 is about 300 h −1 kpc for early types. The methods of calculating ρ 20 and r vir are described in full detail in Park et al. (2008) and Park & Choi (2009) . Table 1 lists the environmental parameters of the 20 final early-type galaxies. The absolute magnitudes of target galaxies and their neighbors are also given.
Analysis of X-ray Data
We analysed the EPIC spectra of the 20 galaxies given by the 2XMMi-DR3 pipeline. All spectra are automatically extracted with a fixed radius of 28 ′′ , which causes underestimation of X-ray luminosity for some of our samples with thermal emission extended larger than the source extracting radius. Note that their Xray luminosities listed in Table 2 are thus lower limits.
Spectral analysis was performed using the XSPEC 12.7.0. Since the hot gas sources might be contaminated with low mass X-ray binaries (LMXB) or potential AGN components, we fitted the spectra in the 0.5-7 keV band to carefully resolve their contributions as described in Jeltema et al. (2008) and Mulchaey & Jeltema (2010) . To measure the unabsorbed flux of the thermal X-ray emission from the hot halo gas, a two component spectral model consisting of a thermal plasma MEKAL model and a power law, is adopted.
The column density was fixed as Galactic HI column density derived by using the HEASARC webbased tool * and the metallicity was fixed at 0.8Z ⊙ . The temperature, photon index, and spectral normalization were set to be free parameters.
For two galaxies, SDSS J150611.68+030833.2, NGC 3216, both components could not be constrained even when photon index was fixed at 1.7 (a good approximation for both low-mass X-ray binaries and AGNs). Hence we adopted only the thermal plasma model. To study the hot gas content in a galaxy, we use the luminosity only from the thermal component in the 0.5-2 keV band for comparison with other studies. Errors were determined using the Monte Carlo Markov Chains. Results from the spectral analysis and optical/NIR luminosities are listed in Table 2 . * http://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl The samples are divided into three subsamples according to their absolute magnitudes. The size of the circle is proportional to the X-ray luminosity. Fig. 2 shows that the X-ray luminosity of hot halo gas in early-type galaxies is correlated with optical luminosity with a rather large scatter.
ENVIRONMENTAL DEPENDENCE OF
First, we divide the large-scale environment into high (ρ 20 /ρ > 20) and low density (ρ 20 /ρ ≤ 20) regions. Then we fit each subsample with a straight line given by log(L X,0.5−2.0keV ) = A log(L r /10 10.5 L r,⊙ ) + B (3) using the BCES (Bivariate Correlated Error and intrinsic Scatter) bisector method (Akritas & Bershady 1996) . The results are shown in Table 3 . We include data with lower limits in the fit to reduce uncertainties of the parameters. The L X -L r relation for galaxies with ρ 20 /ρ ≤ 20 tends to be tighter and slightly steeper than counterpart in the high density region (ρ 20 /ρ > 20), consistent with the result of Mulchaey & Jeltema (2010) . The correlation coefficients of the relation are 0.88 and 0.28 for the low and high density regions, respectively. The relation in the high density environment shows definitely large scatter.
To compare with other studies, we obtain the Kband luminosity of the sample galaxies from the Extended Source Catalog (XSC, Jarrett et al. 2000) of the Two Micron All Sky Survey. The correlation coefficients of the L X and L K relations plotted in Fig. 3 are 0.90 and 0.25 for galaxies in the low and high density regions, respectively, similar to the values found in the L X and L r relation. The slope of the L X and L K relation for galaxies in the low density region is steeper than the slope for galaxies in the high density region at 2σ significance. It clearly shows that the X-ray and NIR luminosity relation significantly differs depending on the environments where galaxies reside. Therefore, our result appears to confirm that the environment is, at least partially, responsible for the scatter seen in the relation between the X-ray and optical/NIR luminosities. The large scatter shown for galaxies in the high density environment suggests that various processes are involved in producing the thermal X-ray emission. In fact, the fitted values for the L X -L K relation differs from the ones obtained in Mulchaey & Jeltema (2010) and Jeltema et al. (2008) . For comparison, the slope of the L X -L K relation for group and cluster environment is 3.92 ± 0.39 and 1.86 ± 0.23 for field galaxies. The samples they used consist of relatively nearby earlytype galaxies with redshift less than 0.03 and thus are bright enough to successfully separate out the other contributions to the X-ray emission. Besides, the definition of environment they used is also different from 
Environmental Effect on L X /L r
To obtain a deeper understanding of the various physical processes taking place in different environments, we inspect the X-ray property in the ρ 20 -r p parameter space shown in Fig. 4 . The large-scale environment is divided into high (ρ 20 /ρ > 20) and low (ρ 20 /ρ ≤ 20) density cases. We then plot the L X scaled by L r as a function of r p /r vir,nei determined by the nearest neighbor at each large-scale environment case. The figure shows that the large-scale environment is an important factor only when the target galaxy is located inside the virial radius of its neighbor (r p ≤ r vir,nei ) while the dependence on the large-scale environment disappears at separations farther than the virial radius (r p > r vir,nei ), and that the effects of the nearest neigh-bors depending on neighbor separation is critically important to the hot gas content.
In Fig. 5, upper panel (b) shows that the X-ray luminosity has a stronger correlation with the large-scale density when the distance to the nearest neighbor is smaller than the virial radius of the neighbor.
Among the six interacting galaxies with r p ≤ r vir,nei , three galaxies located in the high density regions (ρ 20 /ρ ≥ 20), namely NGC4066, NGC5098, and SDSS J133110.82−014348.9, are more luminous than those in the low density regions, and their nearest neighbors also have comparable luminosity as shown in Fig. 5 . Although these galaxies are experiencing close encounters with a neighbor having comparable mass in the high density region, their halos are X-ray luminous compared to those of galaxies in the lower density regions, which is contrary to the well-known effect of hot gas removal by various physical processes such as ram pressure stripping, galaxy harassment, and starvation. These galaxies are also likely to evolve through gravitational effects as they approach each other. Hence, this result suggests that for these galaxies, the removal of hot halo gas by those processes must be relatively modest and the hot halo gas is rather condensed through the accretion of intergalactic gas and confinement of outflowing gas by the ambient medium instead. This phenomenon was also found by Brown & Bregman (2000) and Sun et al. (2007) . The interacting galaxies in the high density region have relatively larger L X /L r probably due to the additional contribution from the ambient medium and this could lead to the large scatter found in high density regions (ρ 20 /ρ > 20) shown in Fig. 2 . Taking those three interacting galaxies out from the 20 galaxies makes the slopes in the L X -L r and L X -L K relations steeper, giving 2.69 ± 0.80 and 2.17 ± 0.85, respectively. These values are closer to those for the low density regions given in Table 3 .
For the isolated galaxies with r p > r vir,nei shown in the lower panel of Fig. 5 , neither ρ 20 nor r p depends the hot gas content. More luminous galaxies tend to have larger L X /L r . For these isolated galaxies, the X-ray emission depends only on the stellar content of the galaxy itself. Thus some internal processes such as stellar mass loss and continued Type Ia supernovae or AGN feedback of each galaxy could have more effect on the X-ray luminosity. Luminous galaxies having substantial dark matter halos may retain hot halos effectively while faint galaxies easily expel their hot gas.
SUMMARY
We have investigated the correlation between the extended X-ray emission from the halos of optically luminous early-type galaxies and the galaxy's environments such as r p and ρ 20 . We cross-matched the 3rd Data Release of the Second XMM-Newton Serendipitous Source Catalog to a volume-limited sample of the Sloan Digital Sky Survey Data Release 7 with M r < −19.5 and -(Upper) X-ray luminosity normalized by optical (r-band) luminosity for interacting galaxies with the nearest neighbor (rp ≤ rvir,nei) as a function of the distance to the nearest neighbor (a) and as a function of the large-scale density (b). (Lower) The same as above, but for isolated galaxies (rp > rvir,nei). ∆M in upper panels is the difference in luminosity between a target and its nearest neighbor and filled symbols are galaxies with the nearest neighbor of comparable luminosity. Samples in the lower panel are divided into two cases according to the luminosity of the target galaxy. 0.020 < z < 0.085 which was generated from the KIAS value-added catalog (Choi et al. 2010) . We obtained 20 early-type galaxies with reliable X-ray signals from the positional cross-matching between the two data sets. Although the small size of the sample more or less limited the scope of issues, it was still useful to draw obvious results.
The X-ray luminosity of the galaxy was found to have a tighter correlation with the optical and NIR luminosities for galaxies with large-scale background density of ρ 20 /ρ ≤ 20 than for those with ρ 20 /ρ > 20. Furthermore, the X-ray to optical (r-band) luminosity ratio, L X /L r , shows a clear dependence on the distance to the nearest neighbor, r p , and on the largescale density environment, ρ 20 , only where the galaxies in pair interact hydrodynamically, r p < r vir . These results lead us to conjecture that the galaxies in the high local density region have other mechanisms that are responsible for their halo X-ray luminosities than the current presence of a close encounter, or alternatively, the cooling time of the heated gas halo is longer than the typical time between the subsequent encounters in the high local density region so that L X /L r is rather insensitive to the current presence of a close encounter (r p ) and to the expected time after the last encounter (ρ 20 ).
eROSITA, the extended Roentgen Survey with an Imaging Telescope Array (Predehl et al. 2012) , is planned for launch in the year 2014 and will scan the entire sky for four years. Its sensitivity will be approximately 20 times the Roentgen Satellite (ROSAT), and the data from this mission will drastically increase the number of galaxy samples with X-ray emitting halos, and a study like the present one here will benefit from these new data.
